in vanadium, its alloys (V-Ti, V-Cr, V-Fe and VMo), niobium and tantalum has been measured by a steady state method. Both isotopes migrate toward the colder end. The observed heat of transport, Q*, in pure metals increases in order of vanadium, niobium and tantalum, and is significantly smaller for hydrogen than for deuterium. The addition of Ti and Cr increases Q* in vanadium, but Fe and Mo do not much affect Q*. A model of trapping of hydrogen (deuterium) by substitutional elements is applied to explain the increase in Q* for vanadium alloys. (10) is applied to the analysis of the effect of the addition of the alloying elements on Q*.
successfully explained in terms of a trapping model (8) (9) , no explanation has been given to the effect of the addition of substitutional alloying elements on thermomigration. The aim of this paper is to report the results of similar measurements carried out independently in our laboratory.
We have investigated thermomigration of hydrogen and deuterium in vanadium, niobium, tantalum and vanadium alloys containing Ti, Cr, Fe and Mo each. Among four elements in vanadium, the heat of transport Q* increases by the addition of Ti and Cr, while is not much affected by Fe and Mo. The trapping model developed by the present authors for electromigration (10) is applied to the analysis of the effect of the addition of the alloying elements on Q*.
Vanadium, niobium and tantalum used in the present work are commercially pure materials (99.8, 99.9 and 99.9% pure, respectively). Vanadium, niobium and tantalum specimens were prepared by electron beam melting, while alloy specimens were prepared by arc melting. Vanadium, V-Ti alloy, niobium and tantalum ingots were then swaged and cold-drawn into wires of 0.5mm in diameter. The other alloy ingots (V-Cr, V-Fe and V-Mo) were hard and brittle and could not be swaged successfully. Therefore, speciingots using a multiwire saw. The details of the specimen preparation are described elsewhere (10) . Thermomigration runs were carried out by applying a temperature gradient to a specimen in a chamber evacuated less than 10-3 Pa. The specimen was mounted between the heater and the heat sink cooled by water. The sample geometry is illustrated in Fig. 1 . Nickel wires sample. Hydrogen (Deuterium) charging was carried out electrolytically in a 0.05kmol/m3 H2SO4 (D2SO4) solution with the current density of 20kA/m2 at 353K for Ta specimens and at 273K for the other metal and alloy specimens. The values of the resistivity increment due to hydrogen (deuterium)(10)-(16) are compiled in Table 1 . The resistivity of each section (see Fig. 1 ) was measured in ethyl alcohol of 273K before and after the thermomigration run. For resistivity measurements the thermomigration run was interrupted for less than 300s; a back flow during interruption is negligible.
Data Analysis
The flux of atoms, J, in the presence of a temperature gradient is customarily written as(17) (1) where C(x, t) is the hydrogen concentration at a position x at time t, D the diffusivity of hydrogen, k the Boltzmann constant, T the absolute temperature and Q*0 the heat of transport. In eq. (1) the first term is the isothermal diffusion flux and the second is the thermomigration flux. The steady state is attained when the thermomigration flux balances the back flow of the diffusion, i.e. J=O. The steady state concentration profile can be expressed as
where A is a constant. The heat of transport can be estimated from the steady state concentration profiles using the following equation:
Here, we use Q*, instead of Q*0 , for the heat of transport determined experimentally from the profile. This distinction is necessary in the discussion of the trapping effect on thermomigration to be described in a later section. The time required to establish the steady state is infinite. For the determination of the heat of transport, one has to carry out the thermomigration run for a time period sufficiently long to achieve a nearly steady state. According to deGroot (17) , the steady state is approached to within 99% at the time given by
where l is the sample length. All the present thermomigration runs were performed for the time periods estimated from eq. (4).
The typical concentration profiles of the steady state thermomigration runs, obtained from the systems of V-H(D) and V-4%Ti-H(D), are shown in Fig. 2 . In all three metals and alloys, both hydrogen and deuterium move down toward the lower temperature end, which indicates that the heats of transport are positive. The experimental values of the heat of transport are compiled in Table 2 , together alloys with Cr, Fe and Mo are assumed to be the same as those in pure V.
with those by previous investigators. The heat of transport of hydrogen is smaller than that of deuterium in all the metals and alloys; the large isotope effect of Q* was observed. Q* in pure metals increases in order of vanadium, niobium and tantalum. Q* in vanadium considerably increases by the addition of Ti and Cr, while increases slightly by the addition of Fe and Mo. Such an alloying effect is consistent with that observed by Peterson and Smith(5).
As is described in a later section, the data of the thermoelectric power, S, is necessary for interpretation of the heat of transport; the absolute thermoelectric powers of the pure metals (V, Nb and Ta) and the vanadium alloys were measured. Figure 3 shows the values of S in the temperature range from 300 to 500K. The values of S for Nb and Ta are in good agreement with those in the literature (18) , while the value for V is smaller (18) . The thermoelectric power of V does not change significantly with the addition of hydrogen.
Comparison with previous investigations
As seen in Table 2 , the present values of Q* are much different from those determined by other investigators.
Experimental conditions such as the range of temperatures and the hydrogen concentrations are substantially the same for various groups. Therefore, the large difference in the values of Q* between the present and previous experiments can neither be ascribed to the difference in hydrogen concentration nor the difference in the measuring temperature range. In order to seek the source of the discrepancy, we have carefully checked various points in the experimental procedure, as described below.
(1) Temperature measurement The temperatures determined by the thermocouples were confirmed to be in good agreement with those by an infrared optical pyrometer.
(2) Measurement of hydrogen concentration profiles For some specimens, the steady state hydrogen concentration profiles were also determined by chemical analysis. Immediately after the measurements, the specimen wires were cut into several parts and then the hydrogen concentration in each part was analyzed. Although the chemical analysis was not very accurate because of the small content of hydrogen, the result is consistent with that determined by the resistivity measurements.
(3) Residual hydrogen in specimens If specimens contain residual hydrogen prior to hydrogen charging, one would overestimate the heat of transport by the resistivity method. In order to know such residual hydrogen content, thermomigration run was performed using the vanadium specimen without hydrogen charging. No change in resistivity was detected before and after the run.
Thus, we have not been able to find out the source of the discrepancy. The best thing that we can do at the present stage is to direct our attention to the relative values of Q*; the experimental quantities obtained from the same apparatus with comparable experimental conditions can be compared even if the absolute values themselves may not be reliable. The relative values of Q* normalized by the value of Q*P for hydrogen in vanadium determined by the respective investigators are compared in Table 2 Heat of transport of hydrogen and deuterium. electron-, and so-called intrinsic contributions, path of an electron, the scattering cross section of the electron with an atom and the density of and Hm is the activation energy for hydrogen (deuterium) diffusion in V, Nb and Ta. Figure 4 shows the heat of transport versus Hm, where the relative values of Q*/Q*p are plotted as a function of Hm/Hpm (Hpm is the activation energy for hydrogen diffusion in pure vanadium). A correlation between Q* and Hm suggested by Bauberger and Wipf (7) is confirmed. Moreover, as shown in Fig. 5 , there is a correlation between Q* and S for pure metals V, Nb and Ta, but it is not clear-for V alloys. Therefore, the present results favor an atomistic mechanism with both the electronand intrinsic contributions.
Alloying effect on heat of transport
The addition of the alloying elements affects Q*; Ti and Cr increase Q*, while Fe and Mo have small effect on Q*. Similar trends have also been observed for the diffusivity; the diffusion coefficient, D, decreases by the addition of Ti and Cr, and is not much affected by Fe and Mo (10) . The decrease in the diffusivity by alloying has been interpreted to be due to the trapping effect of substitutional atoms (8)(9). Such coupled changes in D and Q* suggest a possibility that a change in Q* is an apparent effect associated with the trapping effect. In what pure vanadium, Q*p, determined by the respective investigators. where T1 and T2 are the temperatures at both ends of the sample, and X is the normalized distance:
X=x/l.
The value of A in eq. (2) is determined by the conservation of hydrogen: (6) where C0 is the average concentration. Then, the concentration distribution of the hydrogen in the steady state of thermomigration is given by (7) where s=Q*0/k and u=1/T.
In the presence of trapping atoms, we assume that only free hydrogen atoms drift by the effect of the applied temperature gradient, and that the local equilibrium is established between the concentration of free and trapped hydrogen; the change in the concentration of trapped hydrogen occurs indirectly through the drift of free hydrogen atoms.
The (12) , a substitutional atom can trap only one(two) hydrogen atom. The concentration distribution of the free hydrogen in the steady state of thermomigration is given by (9) where CFO is a constant. By substituting eq. (9) into eq. (8), one obtains (10) The value of CFO should also be determined by the conservation of hydrogen (eq. (6)). By substituting eq. (10) into eq. (6), the following equation is derived; (11) For a given set of the heat of transport Q*0 of free hydrogen and the binding energy B, the theoretical hydrogen profile can be calculated from eq. (10) . In this calculation the value of q of Hydrogen and Deuterium in Vanadium, its Alloys, Niobium and Tantalum  955 is taken as 24; a substitutional atom can trap only one hydrogen atom. From the calculated curve, the apparent heat of transport Q* can be evaluated by applying eq. (3). In Fig. 6 , the calculated Q* values are shown as a function of the binding energy B for several values of Q*0 . It is interesting to note the following; even if the heat of transport in the pure metal, Q*0 , is zero, the "transport" of hydrogen towards the lower temperature end may be observed by the addition of alloying elements with nonzero binding energy to hydrogen atoms (see curve (a) in Fig. 6 ). In the actual fact, the movement of hydrogen in the temperature gradient for such a case is not "transport" but rather the redistribution of hydrogen. If we assume that the heat of transport in the V-Ti alloy is the same as that in pure vanadium, i.e. Q*0=4.8kJmol-1, and use as the binding energy B= 14.5kJmol-1 determined by the previous experiments(8)(10), the apparent heat of transport should be about 14kJmol-1 (see curve (b) in Fig. 6 ), which is smaller than the observed value, 18.3kJmol-1. This means that the simple trapping picture cannot explain the increase in the apparent heat of transport by alloying. A plausible explanation is that the heat of transport of hydrogen, Q*0 , itself increases from 4.8 to about 10kJmoL-1 by the addition of 4% Ti (curve (c) in Fig. 6) ; such an increase may be ascribed to the change in the electronic structure. The change in the electronic structure has been also suggested in the previous paper on the electromigration of hydrogen in vanadium alloys (10) .
For the V-Cr alloy, the binding energy of Cr-H seems to be somewhat smaller than that of Ti-H(10). The smaller increment in Q* by the Cr addition than that by the Ti addition is consistent with the trapping picture.
Thermomigration
of hydrogen and deuterium in vanadium, its alloys, niobium and tantalum was measured by the steady state method. The results of the present work are summarized as follows:
(1) The heat of transport Q* of both isotopes in pure metals increases in order of V, Nb and Ta.
(2) The heat of transport of hydrogen is smaller than that of deuterium; the significant isotope effect was observed.
(3) The heat of transport in vanadium increases by the addition of Ti and Cr, but not m uch affected by Fe and Mo. The trapping model is applied to explain the increase in the heat of transport due to alloying.
